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What is the origin of correlations in small systems?

Large long-range correlations in p + p and p+Pb

12 7 Long-Range Correlations in 7 TeV Data

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
0
2

>0.1GeV/c                     
T

(a) CMS MinBias, p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(
-1
0
1

<3.0GeV/c
T

(b) CMS MinBias, 1.0GeV/c<p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-4
-2
0
2

>0.1GeV/c                   
T

 110, p≥(c) CMS N 

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
-1
0
1

<3.0GeV/c
T

 110, 1.0GeV/c<p≥(d) CMS N 

Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

p+p
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8 5 Results

passoc
T < 3 GeV/c, and with the track multiplicity in the range 220  Noffline

trk < 260. For PbPb
collisions, this Noffline

trk range corresponds to an average centrality of approximately 60%, as
shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (Noffline

trk ⇠ 110) pp collisions
at

p
s = 7 TeV [38] and pPb collisions at

p
sNN = 5.02 TeV [39–41]. The structure is also prominent

in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < ptrig

T < 3 GeV/c and 1 < passoc
T < 3 GeV/c

within the 220  Noffline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range Noffline

trk < 20 (open) and 220 
Noffline

trk < 260 (filled). Various selections of ptrig
T are shown for a fixed passoc

T range of 1–2 GeV/c
in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to
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Angular correlations of p , K and p in p–Pb collisions ALICE Collaboration
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Fig. 4: The Fourier coefficient v2{2PC,sub} for hadrons (black squares), pions (red triangles), kaons
(green stars) and protons (blue circles) as a function of pT from the correlation in the 0–20% multiplicity
class after subtraction of the correlation from the 60–100% multiplicity class. The data is plotted at the
average-pT for each considered pT interval and particle species under study. Error bars show statistical
uncertainties while shaded areas denote systematic uncertainties.

class and subtracting the 60–100% event class, results in qualitatively similar observations. On
average the v2 values are 15–25% lower and the statistical uncertainties are about a factor 2
larger than in the 0–20% case. For the 40–60% event class, the statistical uncertainties are too
large to draw a conclusion.

The analysis was repeated using the energy deposited in the ZNA instead of the VZERO-A to
define the event classes. The extracted v2 values are consistently lower by about 12% due to the
different event sample selected in this way. However, the presented conclusions, in particular
the observed difference of vp

2 and vp
2 compared between jet-dominated correlations (60–100%

event class) and double-ridge dominated correlations (0–20% event class after subtraction), are
unchanged.

6 Summary
Two-particle angular correlations of charged particles with pions, kaons and protons have been
measured in p–Pb collisions at

p
sNN = 5.02 TeV and expressed as associated yields per trigger

particle. The Fourier coefficient v2 was extracted from these correlations and studied as a func-
tion of pT and event multiplicity. In low-multiplicity collisions the pT and species dependence
of v2 resembles that observed in pp collisions at similar energy where correlations from jets
dominate the measurement. In high-multiplicity p–Pb collisions a different picture emerges,
where vp

2 < vp
2 is found up to about 2 GeV/c. At 3–4 GeV/c, vp

2 is slightly larger than vp
2 , albeit

with low significance.

12
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Long range in rapidity, origin from early times, but what?

See also talks by Mace, Gajdosova, Broniowski
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In heavy ion collisions: response to initial state geometry

Hydro transforms initial spatial anisotropy ⇒ momentum anisotropy.

Heinz, 0810.05529

Fourier harmonics vn

dN

dφ
∼ N0(1 + 2v2 cos(2φ) + . . . )
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Also non-trivial proton geometry affecting p+p and p+A measurements?

Heikki Mäntysaari (JYU) Proton shape fluctuations June 26, 2019 / IS19 2 / 23



Going beyond round proton

A fundamental question

How are quarks and gluons distributed spatially?
How do the positions fluctuate?

particlezoo.net

Practical applications to for example

Collective phenomena in p + A and p + p Mäntysaari, Schenke, Shen, Tribedy, Heinz,

Singer, Welsh, Moreland, Bernhard, Ke, Bass, Albacete, Petersen, Soto-Ontoso

Exclusive scattering processes Bendova, Krelina, Goncalves,Cepila, Contreras, Takaki; Blaizot, Traini;

H.M, Schenke

Elastic p + p and hollowness effect Albacete, Soto-Ontoso
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1. Proton shape fluctuations & diffraction
Diffraction

Scattering with no exchange of net color charge

Experimental signature: rapidity gap in the detector

pQCD: at least two-gluon exchange

Bendova, Krelina, Goncalves,Cepila, Contreras, Takaki; Blaizot, Traini;
Mäntysaari, Schenke
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Photon as a simple probe of the proton structure

q

ll

h
X

*

q

Deep Inelastic Scattering

e + p → e + X

σ ∼ total (gluon)density

No t, integrated over geometry

Diffractive vector meson production

e + p → e + p + J/Ψ

Can measure total momentum
transfer

Fourier conjugate to impact
parameter
Access to spatial density
profile
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Diffractive vector meson production at high energy

High energy factorization:

1 γ∗ → qq̄ splitting,
wave function Ψγ(r ,Q2, z)

2 qq̄ dipole scatters elastically:
N(r , x , b)

3 qq̄ → J/Ψ,
wave function ΨV (r ,Q2, z)

Diffractive scattering amplitude

Aγ∗p→Vp ∼
∫

d2bdzd2rΨγ∗ΨV (r ,Q2, z)e−ib·∆N(r , x , b)

N(r , x , b): dipole-proton scattering amplitude

Impact parameter is the Fourier conjugate to the momentum transfer
(−t ≈ ∆2) → access to the spatial structure
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Proton shape from coherent diffraction

Coherent cross section, Good, Walker, PRD 120, 1960

Average interaction of states that diagonalize the scattering matrix

These states are qq̄ dipoles with fixed size r,
probing fixed target configuration Ω

Target remains in the same quantum state

Coherent cross section

dσγ
∗A→VA

dt
∼ |〈Aγ∗A→VA〉Ω|2

Cross section probes average b dependence of the scattering
amplitude = target geometry

〈Aγ∗p→Vp〉Ω ∼
∫

d2bdzd2rΨγ∗ΨV (|r|, z ,Q2)e−ib·∆〈N(|r|, x ,b)〉Ω
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Incoherent diffraction = target dissociation

Incoherent cross section

Target final state |f 〉 6= initial state |i〉
No net color charge transfer

Rapidity gap between J/Ψ and target remnants

σincoherent ∼
∑

f 6=i

|〈f |A|i〉|2

=
∑

f

〈i |A|f 〉†〈f |A|i〉 − 〈i |A|i〉†〈i |A|i〉

Average over initial states:
σincoherent ∼ 〈|A|2〉Ω − |〈A〉Ω|2

Incoherent cross section = variance of Aγ∗A→VA

dσ
/d

t 

|t|

Coherent/Elastic

Incoherent/Breakup

t1 t2 t3 t4

Amount of event-by-event fluctuations in target configurations Ω
Miettinen, Pumplin, PRD 18, 1978, Caldwell, Kowalski, Phys.Rev. C81 (2010) 025203
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Proton shape from diffraction: γ + p → J/Ψ + p

HERA data with only color charge fluctuations (x ∼ 10−3)
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H.M, B. Schenke, 1607.01711, H1: 1304.5162

Round
CGC proton:
Color charges
+Yang-Mills
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Constraining proton fluctuations

Simple constituent quark inspired picture:
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Sample quark positions from a Gaussian distribution (width Bqc)

Small-x gluons are located around the valence quarks (width Bq).

Combination of Bqc and Bq sets the degree of geometric fluctuations

Now proton = 3 overlapping hot spots.

Tproton(b) =
3∑

i=1

Tq(b − bi ) Tq(b) ∼ e−b
2/(2Bq)

+ density fluctuations for each hot spot

H.M, Schenke, 1607.01711, 1603.04349, also more complicated geometries

Similar setup e.g. in Bendova, Cepila, Contreras; Cepila, Contreras, Krelina, Takaki; Traini, Blaizot
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Constraining proton fluctuations: γ + p → J/Ψ + p
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HERA data requires large event-by-event fluctuations
H.M, B. Schenke, 1607.01711

Fluctuations

Round
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Bjorken-x dependence

Approach 1: parametrize number of hot spots

Small-x gluon emissions increase the number of hot spots
Cepila, Contreras, Tapia Takaki, 1608.07559

Nhs(x) ∼ xp1(1 + p2

√
x)

(DGLAP)

(BK)

Approach 2: Solve small-x evolution equations

Evolve proton structure by solving

BK evolution with impact parameter
Berger, Stasto, 1106.5740, Cepila, Contreras, Matas, 1812.02548

JIMWLK evolution
Schlichting, Schenke, 1407.8458, H.M., Schenke, 1806.06783

Fit HERA F2 and exlusive data.
Difficulty: regulating confinement effects
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Towards small x : γ + p → J/Ψ + p∗

Increasing # of hot spots w energy:
Smoother proton, less fluctuations
Cepila, Contreras, Tapia Takaki, 1608.07559
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Exclusive J/Ψ production at small x at the LHC

Ultraperipheral p + A:
Photon flux ∼ Z 2

γ + p dominates
E

Pb

p

Low energy γ − A: coherent and incoherent visible
ALICE: 1406.7819

Dimuon pT

Larger COM energies:
incoherent → 0 (?)
⇒ smoother proton?
ALICE:1809.03235

Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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Improvements to the hot spot picture

Quark position correlations included in Traini, Blaizot, 1804.06110
Less free parameters, still good description of the HERA data

6

and
∫

dr ρ2ho(r) = Nu + Nd = 3. Consequently

T2ho(b) =
Nu

Nu + Nd

1

2πBu
e−b2/(2Bu) +

+
Nd

Nu + Nd

1

2πBd
e−b2/(2Bd), (19)

with∫
dbT2ho(b) = 1,

1

2Bu
= κ2

u =
3

2
4

α2β2

3α2 + β2
≈ 2.67 fm−2; Bu ≈ 4.8 GeV−2,

1

2Bd
= κ2

d =
3

2
β2 ≈ 2.99 fm−2; Bd ≈ 4.3 GeV−2. (20)

Eq. (19) explicitly summarizes the effects on the pro-
file function of the correlations between quarks that are
due to the SU(6)-breaking component of the One-Gluon-
Exchange and the spin-isospin symmetries of the proton
wave function. The SU(6)-symmetric limit of a single
harmonic oscillator wave function is recovered for

α2 = β2 → 1

2Bu
=

1

2Bd
=

3

2
α2 =

1

2B0
, (21)

in which case

T2ho(b) → Tho(b) =
1

2πB0
e−b2/(2B0), (22)

i.e. a Gaussian approximation with B0 = 6.34 GeV−2.
The sum in Eq. (19) can be sampled by a random selec-

tion of the single term of the sum, followed by sampling
the distribution of that term [29]. In this way the cor-
related positions of the quarks relative to the origin, bi

(i = 1, 2, 3) are sampled from the 2 h.o. distribution (19).
We should emphasize here that the sampling of the

one-body density takes into account the correlations
among the constituent quarks only to the extent that
these modify the one-body density. In principle, since
the full wave-function is known, it should be possible to
calculate more fully the effect of these correlations, but
this is beyond the scope of the present paper.

Gluon densities are obtained by adding, as was done
earlier, around each constituent quark in the transverse
plane as described by the profile (19), a Gaussian gluon
distribution with parameter Bq. Examples of gluon
transverse density profiles obtained in this way are shown
in Fig. 6. The results are analogous to those shown earlier
in Fig. 3, but in the present case the only free parameter
is the width Bq of the gluon cloud around each valence
quark, the positions of the quarks being determined by
the simplified 2 h.o. wave function and the electromag-
netic sizes of proton and neutron (cf. Eqs. (16)), with no
additional free parameter.

IV. FROM QUARKS TO PARTONS

The description of the quark states, within an appro-
priate quantum mechanical approach, as detailed in the
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FIG. 6. (color on line) Examples of density profiles from
Eqs. (19) with Bq = 0.7 GeV−2 characterizing the Gaussian
shape of each gluon distribution around the constituent quark.

previous section, allows us to connect quarks and par-
tons in a consistent way avoiding a new set of param-
eters entering the gluon distribution (cf. Eq. (7)). In
the present section we recall how to connect partons and
quarks within a framework which makes use of QCD per-
turbative evolution.

Traini, Blaizot, 1804.06110
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FIG. 8. (color on line) Coherent and Incoherent photoproduc-
tion (Q2 = 0) cross sections within the kinematical conditions
of the HERA experiments (xIP ≈ 9.6 · 10−4 for ⟨W ⟩ = 100
GeV). The dashed lines represent the QMBA-2ho predictions
for the gluon distributions evolved at LO; the continuous lines
represent results with gluons at NNLO (NLO and NNLO
predictions cannot be distinguished in the Figure, as empha-
sized in the text). The incoherent scattering calculations
within QMBA-2ho are made with Bq = 0.7 GeV−2. Data
as in Fig. 4.

In Fig.7 the results are shown comparing the physical
and bare parton distributions. The valence distribution
is renormalized by the inclusion of the non-perturbative
sea, the total sea distribution includes π, ρ, ω, K, K∗

Meson-Baryon fluctuations, therefore the total sea is

Sea(x, µ2
0) = 2 ū(x, µ2

0) + 2 d̄(x, µ2
0) + s(x, µ2

0) + s̄(x, µ2
0) ,

and strange and non-strange components are considered.
The final results for the parton distributions at high

resolution scale µ2 = µ2
0 + 4/r2 (cf. Eq. (6)) are then

obtained by evolving the initial distribution calculated
at the scale µ2

0, by means of the DGLAP equations.
More details can be found in Ref. [31].

V. J/Ψ PHOTOPRODUCTION WITHIN THE
QUARK MODEL BASED APPROACH (QMBA)

Before showing the complete set of results for the J/Ψ
diffractive photoproduction in the coherent and incoher-
ent channels, it is perhaps useful to summarize the ap-
proach that we have presented in Sections III and IV.

i) We have proposed a generalization of the usual
color-dipole picture (IPSat). The aim is to con-
nect the diffractive scattering to proton properties
like size, wave function symmetries, avoiding, as far
as possible, ad hoc
parametrization like in Eqs. (5), (6), and (7). We

have constructed a proton wave function in which
the SU(6) breaking is simply introduced by means
of a two harmonic oscillator potential between con-
stituent quarks
whose parameters are fixed by means of the ex-
perimental radii of neutron and proton. From
that model the parton distributions are calculated
at low resolution scale µ2

0 including a sea com-
ponent by means of a well established formalism
for the light-cone (perturbative) Meson - Baryon
fluctuations. The procedure implies many param-
eters for the coupling constant, but they are taken
from the most recent literature without any spe-
cific changes for the description of the diffractive
scattering. Standard DGLAP evolution is applied
to generate gluon distributions at the scale of the
process, µ2. No further parameters are needed.

ii) The description of the coherent photoproduction of
J/Ψ does not need further ingredients and its cal-
culation represent an absolute prediction directly
related to a low-energy proton model. To describe
incoherent diffraction an additional parameter (Bq)
is needed to relate the fluctuations in the gluon den-
sity to the motion of the constituents quarks in the
transverse plane, in analogy with Eqs. (8) and (9)
as discussed in Sect. VB. The parameter Bq which
controls the size of the gluon cloud around each va-
lence quark, is the only adjustable parameter of the
approach.

A. DGLAP evolution

The predictions of the cross section for coherent and in-
coherent diffractive J/Ψ photoproduction are compared
with HERA data in Fig. 8. The leading order (LO) pre-
dictions (dashed lines) refer to a calculation where the
gluon distribution that enters the dipole cross section is
obtained by evolving the initial parton distribution using
DGLAP equation at Leading Order. The next or next-to-
next to leading order (NNLO) evolution equations are
used for the calculation leading to the full lines (the dif-
ference between NLO and NNLO results could not be
appreciated in the Figures). Strictly speaking, only the
LO calculation is fully consistent with the form of the
dipole cross section that we use. In the present calcula-
tion, the gluon distributions are predicted at high resolu-
tion scale starting from a low resolution physical picture
of the nucleon. Their final values depend on the order of
the evolution, which is reflected in the (weak) dependence
of the diffractive cross sections on the order of the evolu-
tion, as shown in Fig. 8. The fact that, as seen in Fig. 8,
the experimental results appear to be better reproduced
by the higher order evolution may reflect the better de-
termination of the gluon distribution, although the slight
inconsistency mentioned above prevents us to draw a too
firm conclusion at this stage. We may, minimally, re-

Traini, Blaizot, 1804.06110
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Implications on heavy ion phenomenology: p+A

Round protons: hydro simulations can not describe v2 in p + Pb collisions
IP-Glasma, Schenke, Venugopalan, 1405.3605: need eccentric protons
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Implications on heavy ion phenomenology: p+A

Hydro + fluctuations from HERA J/Ψ data: success
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Implications on heavy ion phenomenology: p+A

Hydro + fluctuations from HERA J/Ψ data: success
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2. Other approaches to proton shape
fluctuations
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Fluctuations from p + A data

Extract proton fluctuations from hydro simulations of p+Pb and Pb+Pb
Apply Bayesian methodology

⇒

16

FIG. 11 Posterior distribution for the nucleon width w
and constituent width v. The enclosed trapezoidal region
covers the prior range of allowed values for w and v. The
posterior distribution, shown in blue, indicates the preferred
values for w and v determined by the analysis.

perhaps the single largest di↵erence between our work
and the conclusions of recent saturation-based calcula-
tions which constrained the event-by-event fluctuations
of the proton using a color-dipole picture of vector meson
production [38, 39]. Those studies find that the measured
coherent and incoherent J/ spectra at HERA prefer a
compact gluon distribution inside each nucleon, with an
RMS radius Rg ⇡ 0.4 fm, which is roughly half the anal-
ogous RMS nucleon width preferred by our analysis.

The posterior on the constituent number nc, shown
enlarged in Fig. 10, is not sharply peaked. We therefore
refrain from quoting a distribution median and 90% cred-
ible interval, although we do note that the distribution
clearly favors nc > 1 constituents. This is not surpris-
ing. The TRENTo model mimics saturation-based ini-
tial condition models [45], and saturation models tend to
produce “proton-sized” fireballs in p-Pb collisions [86].
When the proton is spherically symmetric, the result-
ing proton-sized QGP is also largely symmetric and thus
produces very little flow. Saturation-based models are
therefore unable to describe the significant flow mea-
sured in high-multiplicity p-Pb collisions without nucleon
substructure, or alternatively, some other source of addi-
tional correlations [87].

The posterior on the nucleon substructure parameter

�struct = 0.35+0.22
�0.17, on the other hand, is particularly

sharply peaked. Recall that this parameter, defined in
Eq. (39), interpolates between the minimum and max-
imum widths of each constituent and hence two di↵er-
ent limits for the granularity of the nucleon. When
�struct = 0, the nucleon is populated by nc small compact
hot-spots, and when �struct = 1 the hot-spots are large
and fully overlapping, restoring spherical symmetry.

The nucleon structure parameter �struct is somewhat
awkward to conceptualize, but we can easily transform
its value back into a constituent width v. Figure 11 shows
the resulting joint posterior distribution for the nucleon
width parameter w and constituent width v. The poste-
rior distribution, shown in blue, is remarkably well con-
strained. We report a posterior estimate for the con-
stituent width v = 0.47+0.20

�0.15 fm which is roughly the
same magnitude as the nucleon hot-spots used in recent
saturation-based substructure studies that employed IP-
Glasma initial conditions [43]. Evidently, it may be nec-
essary to place an informative prior on our nucleon sub-
structure parameters in order to resolve the apparent ten-
sion between our parameter values and those needed to
describe DIS measurements at HERA. Alternatively, it
is also possible that the fluctuations probed by coherent
and incoherent J/ production are di↵erent than those
probed by minimum-bias particle production.

B. Transport properties

In this section, we compare several of our posterior esti-
mates to those obtained from a similar Bayesian analysis
in Ref. [49] which used an (almost) identical version of
the present physics model. The only modeling di↵erence
is the inclusion of nucleon substructure in the present
study which was absent in Ref. [49]. Several calibration
details, however, are di↵erent between the two analyses.
This work used a modest number of p-Pb and Pb-Pb ob-
servables at

p
sNN = 5.02 TeV (limited by availability),

whereas Ref. [49] calibrated on a much larger number of
Pb-Pb observables at

p
sNN = 2.76 and 5.02 TeV.

The posterior free-streaming time ⌧fs = 0.37+0.33
�0.27 fm/c

obtained in this work is significantly smaller than our
previous estimate ⌧fs = 1.16+0.29

�0.25 fm/c in Ref. [49]. We
point out that the present study is missing several im-
portant observables which could a↵ect the estimated
free-streaming time, e.g. the Pb-Pb mean pT and mean
pT fluctuations at

p
sNN = 5.02 TeV. Nevertheless, it

appears that the inclusion of nucleon substructure sig-
nificantly reduces the maximum allowed free-streaming
time, although more work is needed to establish if this is
indeed the case.

We also compare in Fig. 12 our estimates for the tem-
perature dependence of the QGP specific shear viscos-
ity (⌘/s)(T ) and bulk viscosity (⇣/s)(T ) with those of
Ref. [49]. The lines are the distribution medians, and
the bands are their 90% credible regions. The results of
this work are shown in orange, and the results of Ref. [49]

Find also large fluctuations in the proton, but slightly different:
Larger proton, bigger hot spots. But energy deposit 6= p density profile
Moreland, Bernhard, Ke, Bass, QM2017 and 1704.04486, Moreland, Bernhard, Bass, 1808.02106, talk by Bass today
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Symmetric cumulants in p + p

CMS: in central p + p correlation between v2 and v3 becomes negative
Explained: fluctuating hot spots + short range repulsive correlations

CMS: SC (2, 3) < 0 in central p + p
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Short range correlations and the Hollowness effect

Hollowness effect seen in elastic p+p scattering at LHC energies:

J. Albacete,

IS2016

Hot spots and the hollowness of proton-proton interactions at high energies

Javier L. Albacete, Alba Soto-Ontoso

CAFPE and Departamento de Fı́sica Teórica y del Cosmos, Universidad de Granada
E-18071 Campus de Fuentenueva, Granada, Spain.

albacete@ugr.es, aontoso@ugr.es

We present a dynamical explanation of the hollowness effect observed in proton-proton scattering atp
s=7 TeV. This phenomenon, not observed at lower energies, consists in a depletion of the inelastic-

ity density at zero impact parameter of the collision. Our analysis is based on three main ingredients:
we rely gluonic hot spots inside the proton as effective degrees of freedom for the description of the
scattering process. Next we assume that some non-trivial correlation between the transverse positions
of the hot spots inside the proton exists. Finally we build the scattering amplitude from a multiple
scattering, Glauber-like series of collisions between hot spots. In our approach, the onset of the hol-
lowness effect is naturally explained as due to the diffusion or growth of the hot spots in the transverse
plane with increasing collision energy.

The analysis of experimental data on the elastic
proton-proton differential cross-section at collision en-
ergy

p
s=7 TeV measured by the TOTEM Collaboration

[1] has revealed a new, intriguing feature of hadronic
interactions: at high energies, the inelasticity density
of the collision does not reach a maximum at zero im-
pact parameter. Rather, peripheral collisions, where the
effective geometric overlap of the colliding protons is
smaller, are more inelastic or, equivalently, are more
effective in the production of secondary particles than
central ones. This phenomenon, not observed before at
lower collision energies, has been referred to as hollow-
ness [2] or grayness [3–5] of proton-proton collisions by
the authors of the first analyses where it was identified.
Our own independent analysis of LHC and ISR data, to
be described below, confirms that the inelasticity density
of the collision

Gin(s,~b) ⌘ d2�inel

d2b
= 2Im eTel(s,~b) � | eTel(s,~b)|2 , (1)

where eTel(s,~b) is the scattering amplitude in the impact
parameter representation, reaches a maximum at b 6= 0
for a collision energy

p
s=7 TeV, as shown in Fig. 1.

The hollowness effect challenges the standard geomet-
ric interpretations of proton-proton collisions. In par-
ticular, it precludes models where the scattering ampli-
tude is built in terms of a positive dependence on the
convolution of the density profiles of the two colliding
protons. Indeed, it can be shown that the inelasticity
density associated to any elastic scattering amplitude
thus constructed presents a maximum at zero impact
parameter, regardless how intricate the internal struc-
ture of one individual proton may be [2]. These obser-
vations suggest that the scattering problem may be best
formulated in terms of sub nucleonic degrees of free-
dom which internal dynamics and correlations should
be non-trivial with increasing collision energy. Such is
the view adopted in this work, where we consider hot
spots to be the effective degrees of freedom in terms of
which to discuss the properties of the scattering ampli-
tude.

The idea that the gluon content of the proton is con-
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FIG. 1: Normalised inelasticity density, Gin, for LHC and ISR
energies as a function of the impact parameter. Sub-pannel:
fits to d�el/dt data.

centrated in domains of small radius Rhs, much smaller
than the proton electromagnetic radius that controls the
valence quark distribution Rhs ⌧ Rp, is strongly sup-
ported by theoretical and phenomenological arguments.
Further, lattice QCD calculations confirm the smallness
of the correlation length of the gluon field strengths in-
side hadrons [6]. Such domains of high gluonic density
have been dubbed gluonic drops or hot spots in the litera-
ture. While the existence of hot spots inside hadrons is
widely accepted, the debate on their ultimate dynami-
cal origin remains open. It is commonly assumed that
the gluon content of the proton is radiatively gener-
ated from valence quarks in DGLAP or BFKL-like cas-
cades. In this view hot spots relate directly to the Fock
space of valence partons, for which they would pro-
vide an effective description. However, the question
arises of how and why the resulting glue is confined
to a region of small radius. While the intrinsic non-
perturbative nature of glue drops has been advocated
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of the dipole-like distributions in Eq. 6 leads to the same
qualitative conclusions on the appearance of the hollow-
ness effect and to very similar quantitative estimate of
the corresponding hollowness regions.

In order to ensure the compatibility of our results with
other global features of experimental data, we now ex-
plore the phase space region of our model that is com-
patible with the measured values of the total cross sec-
tion and the ratio of real and imaginary parts of the scat-
tering amplitude at LHC and ISR energies:

�tot = 2ImTel(s, 0) = 2

Z
d2b Im eTel(s,~b) (12)

⇢ =
ReTel(s, 0)

ImTel(s, 0)
, (13)

with �tot = 43.32±0.23 mb, ⇢ = 0.095±0.018 at 62.5 GeV

(ISR) [13] and �tot = 98.3±2.8 mb, ⇢ = 0.14+0.01
�0.08 at 7 TeV

(LHC). Upon imposing these further phenomenologi-
cal restrictions we see how the phase space region phe-
nomenologically compatible with ISR data falls outside
the hollowness region. In turn, the subspace compati-
ble with LHC data at 7 TeV fully overlaps with it, both
results in perfect agreement with empiric observations.
These phenomenologically allowed regions are repre-
sented in Fig. 3 as dark solid areas. It is also shown the
subspace of parameter space compatible with the COM-
PETE predictions �tot =111.5 ± 10 mb and ⇢=0.14+0.01

�0.08
for collision energy 13 TeV which, same as for 7 TeV,
is fully contained within the hollowness region. We
hence predict that the hollowness effect should also be
observed for the collision energy of the Run II at the
LHC,13 TeV, provided the COMPETE predictions hold.

We hence conclude that the main dynamical process
underlying the onset of the hollowness effect is the
transverse diffusion or growth of the hot spots with in-
creasing collision energy, which is the main result of this
work. Further, the measured growth of the total proton-
proton cross section can be simultaneously accounted
for by the same mechanism. Presumably, other soft, gen-
uinely non-perturbative contributions to the cross sec-
tion may also have influence in the scattering amplitude.
However, we have tested that our main conclusions are
not affected if we add an additional, energy indepen-
dent gaussian contribution to Eq. 3, provided that this
new soft component contributes less than a 50% or 25%
of the total cross section at ISR and LHC energies respec-
tively.

In summary, we propose that the explanation to the
rather counterintuitive hollowness effect –whereby pro-
ton peripheral collisions are more destructive than cen-
tral ones at high energies– lies in the interplay between
the different internal scales of the proton: proton ra-
dius, hot spot radius and transverse correlation length.
The relative enhancement of the destructive interference
terms in the multiple scattering series –known as shad-
owing corrections– induced by non-trivial probability
densities for the hot spots transverse positions and the
swelling hot spots radius with increasing energy yield
the observed depletion of the inelasticity density in cen-
tral collisions. These effects may have observable conse-
quences in other sets of experimental data on proton col-
lisions. Arguably, they could impact significantly the in-
terpretation of data specially sensitive to the initial col-
lision geometry, like the correlation and flow analysis of
proton-proton collisions and the possible production of
small drops of Quark Gluon Plasma in such collisions, a
highly debated topic nowadays.
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With short range repulsive correlations, can constrain

Proton size Rp

Hot spots size Rhs Albacete, Soto-Ontoso, 1605.09176
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Conclusions

Strong hints from HERA and LHC data that

Proton geometry has large event-by-event fluctuations
Fluctuations evolve in x

Multi dimensional event-by-event picture of the proton

Input from (diffractive) DIS, applications on heavy ion (or p+p)
phenomenology
Or vice versa. . .

New interesting data coming

Ultraperipheral collisions at the LHC
See also M. Walczak, Tue 17:40, ALICE, ATLAS, CMS, LHCb summaries on Mon

Electron Ion Collider See also J. H. Lee, Wed 18:10
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Diffraction in ultraperipheral collisions

Ultra Peripheral heavy ion Collisions (UPC):
access to photonuclear reactions

At |bT | > 2RA one nucleus acts as a photon source

Two sources of fluctuations:

Nucleon positions from Woods-Saxon

Constituent quark structure for each nucleon

Exclusive J/Ψ production: probe both components

E

Z e1

Z e2
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Accessing fluctuations at different scales

LHC: Access nuclear gluon at very small x , midrapidity xp ≈ 6 · 10−4
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Geometric and Qs fluctuations in the nucleons
No subnucleon fluctuations

Pb + Pb! J/ + Pb + Pb,
p

s = 5.02 TeV, y = 0

Incoherent 
(breakup)

Coherent
(elastic)

LHC: see nucleon scale fluctuations in Pb

Generically
√
|t| is conjugate to bT

Small |t|: fluctuations at
nucleon scale

Large |t|: fluctuations at
subnucleon scale

H.M, Schenke, 1703.09256; Cepila, Contreras, Krelina, 1711.01855:

ALICE UPC data (1406.7819) seems to prefer subnucleon fluctuations
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